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ABSTRACT
Antiferromagnetically coupled (AFC) magnetic bilayer is a candidate media structure for high-density magnetic recording. Because the
stray fields from the two magnetic layers of the AFC bilayer cancel each other out, switching field distribution originating from the stray
fields from the adjacent data bits can be suppressed. Furthermore, in microwave-assisted magnetic recording (MAMR), which utilizes fer-
romagnetic resonance (FMR) excitation in a microwave field to reverse a high-anisotropy magnetic material, AFC media can suppress the
distribution in FMR frequency originating from the stray fields and improve MAMR performance. In this study, we fabricate an AFC mag-
netic bilayer consisting of two Co/Pt multilayers with perpendicular magnetization. We use anomalous-Hall-effect-FMR in combination
with a circularly polarized microwave field and carry out layer-selective analysis of FMR excitation of the two magnetic layers. We then
investigate the switching behavior of an AFC bilayer nanodot in a microwave magnetic field. The switching field decreases with increasing
microwave field frequency and increases abruptly at the critical frequency, and a large switching field reduction by applying a microwave
field is demonstrated. This switching behavior is similar to that of a single-layer perpendicular magnetic nanodot, showing that the AFC
structure does not hinder the microwave assist effect.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5089799
I. INTRODUCTION
In magnetic recording media, magnetic grains interact through
stray fields. This dipolar interaction results in a switching field distri-
bution because the switching condition of a magnetic grain is deter-
mined not only by the write field from the head element, but also by
the stray fields from the adjacent grains. Dipolar interaction of media
causes another issue in microwave-assisted magnetic recording
(MAMR), which has been explored for next-generation magnetic
recording.1–16 MAMR uses a spin-torque oscillator (STO) integrated
in a head element to generate a microwave magnetic field, which
induces ferromagnetic resonance (FMR) excitation of media magneti-
zation to assist reversing a high-anisotropy media material. Therefore,
matching between the FMR frequency and microwave field fre-
quency is crucial. However, dipolar interaction leads to a distri-
bution in media FMR frequency, which degrades the microwave
assist efficiency.
Antiferromagnetically coupled (AFC) media have been shown
to be effective for reducing dipolar interaction.11,12,16–21 The simplest
AFC media consists of two magnetic layers with a nonmagnetic layer
between them. The nonmagnetic layer is usually composed of Ru or
Ir and induces antiferromagnetic coupling between the two magnetic
layers.22,23 One magnetic layer is thicker or has a higher anisotropy
than the other layer and maintains magnetization direction to stores
data. The other layer is designed to reverse spontaneously by the
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antiferromagnetic coupling and form an antiferromagnetic configu-
ration in the remanent state. Because the stray fields from the two
magnetic layers cancel out, AFC media can suppress dipolar interac-
tion. AFC media was put into practical use in longitudinal record-
ing,17,18 and perpendicular AFC media have been studied for
perpendicular recording.19–21 The fabrication of CoCrPt-based AFC
granular media with perpendicular magnetization has been reported,
which showed that insertion of a thin Ru layer does not disturb the
granular structure.11 Recording simulation demonstrated a higher
signal-to-noise ratio when AFC media are used for MAMR.12
We would also like to comment on the application of AFC
media to multilayer recording in which media have vertically stacked
multiple recording layers. It has been proposed that MAMR can
perform layer-selective write when each recording layer is designed
to have a different FMR frequency and the frequency of the micro-
wave field is tuned to excite a target recording layer.12–16 In multi-
layer recording, suppression of dipolar interaction by the use of AFC
media is more crucial because of additional dipolar interaction
between different recording layers. Note the following. Although the
AFC structure consists of two magnetic layers, it represents one bit
because only one layer acts as a storage layer, while the other layer
suppresses the stray field. Multiple AFC structures are necessary for
multi-layer recording.
There are concerns over read operation in AFC media. When a
magnetoresistive read head that detects the stray field from media is
used, the output amplitude from AFC media decreases because of
the small stray field. To overcome this problem, a read method that
detects FMR excitation of the media magnetization has been
proposed.24–26 This read method can be applied to layer-selective
read in multilayer recording when FMR excitation of a target record-
ing layer is induced by tuning the microwave field frequency.27 The
layer-selective write and read share the same principle in which a
layer is selected in the frequency domain.
In this study, we investigate magnetization excitation and
switching of an antiferromagnetically coupled magnetic bilayer in a
microwave magnetic field. The bilayer consists of a hard magnetic
layer (HL), a soft magnetic layer (SL), and a Ru layer between them.
Both HL and SL are composed of a Co/Pt multilayer, and HL has a
higher anisotropy than SL. A perpendicular antiferromagnetic mag-
netization configuration is formed in the remanent state because the
antiferromagnetic coupling field acting on SL is higher than its
anisotropy field. We study FMR excitation of the AFC bilayer dot by
using the anomalous-Hall-effect (AHE)-FMR measurement devel-
oped by Kikuchi et al.28 in combination with a circularly polarized
microwave field. This method can selectively analyze the magnetic
properties of the two magnetic layers, because magnetization excita-
tion is induced when the frequency and rotation direction of the
microwave field match the FMR frequency and precession direction
of the magnetic layer. We then study microwave-assisted magnetiza-
tion switching (MAS) behavior using an AFC bilayer nanodot. We
use linearly and circularly polarized microwave fields. The microwave
field polarization depends on the position of the media magnetiza-
tion relative to the STO, and its effect on MAS is important in
recording application. The switching field decreases almost linearly
with increasing microwave field frequency, which is similar to the
MAS behavior obtained for a single-layer perpendicular magnetic
nanodot.5,6,8 A larger MAS effect is obtained for the circularly
polarized microwave field, and the switching field substantially
decreases from approximately 4 kOe to 1 kOe. It is also shown
that the MAS effect is enhanced by a microwave field with time-
varying frequency. This result demonstrates that a large MAS
effect can be obtained for an AFC bilayer, showing that the com-
bination of MAS and AFC media is a promising candidate tech-
nology for future high-density magnetic recording.
II. EXPERIMENT AND SIMULATION
Figure 1(a) shows the film structure of an AFC bilayer. Ta and
Pt bottom layers, two Co/Pt magnetic multilayers with insertion of
a Ru layer, and Pt and Ta capping layers are deposited on a sap-
phire substrate by using a magnetron sputtering system. The lower
magnetic layer is HL and the upper magnetic layer is SL. HL is
designed to have a higher anisotropy than SL by changing the Co/
Pt thicknesses. We are unable to clearly measure the FMR fre-
quency of this film by vector-network-analyzer (VNA)-FMR mea-
surement because the magnetic layers are very thin. To estimate the
FIG. 1. (a) Film structure consisting of two antiferromagnetically coupled Co/Pt
multilayers. Thicknesses are given in angstroms. (b) Effective anisotropy field
vs inverse thickness of the Co layer (tCo). Filled circles are the values esti-
mated from the VNA-FMR measurement data for Ta 200/Pt 50/(Co tCo/Pt 5) ×
5/Pt 50/Ta 50 (from bottom to top, thicknesses given in angstroms). Open
circles are the estimated values for HL and SL of the AFC bilayer. (c) M-Hz
loop obtained for the film sample with an area of 1 × 1 cm2. Schematics depict
the magnetization configuration of the AFC bilayer. The inset shows a minor
loop of SL switching.
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anisotropy of the bilayer, we measure the VNA-FMR spectra of
three kinds of single-layer Co/Pt multilayer films with five repeated
sets of Co and Pt layers. Figure 1(b) shows the estimated effective
anisotropy field including the demagnetizing field. From linear
fitting, the effective anisotropy fields of HL and SL are estimated to
be +2.8 kOe and −0.6 kOe, respectively. These estimates mean that
HL intrinsically has perpendicular magnetization while SL intrinsi-
cally has in-plane magnetization. Figure 1(c) shows the perpendicu-
lar M-H loop measured by a vibrating sample magnetometer
(VSM). When a z-direction magnetic field (Hz) of −6 kOe is
applied, both HL and SL magnetizations are in the –z direction. As
Hz increases, the SL magnetization gradually changes to the +z
direction from −3.2 kOe to −1.2 kOe. The field width of the SL
switching indicates that the effective anisotropy field of SL is −1
kOe, which roughly agrees with the value estimated from the
VNA-FMR measurement. Because of the antiferromagnetic cou-
pling, Hz of the SL switching is shifted, and the coupling field is
estimated to be 2.2 kOe from the center of the minor loop [Fig. 1
(c) inset]. At Hz = 0 kOe, HL and SL have a perpendicular antifer-
romagnetic configuration because the antiferromagnetic coupling
field is large enough to make the SL magnetization in the perpen-
dicular direction. The abrupt change at Hz= +1.6 kOe corresponds
to the HL switching. After the abrupt change, the M-H curve
almost agrees with that of the downward sweep. Considering that
the whole HL magnetization is in the +z direction in the downward
sweep, this agreement indicates that the whole HL magnetization
reverses at Hz = +1.6 kOe. After the HL switching, the SL magneti-
zation tilts from the +z direction because of the antiferromagnetic
coupling. As Hz further increases to 3.3 kOe, the SL magnetization
again saturates in the +z direction.
Figure 2 shows the sample structure and the measurement
setup. The AFC bilayer film is patterned into a rectangular dot
with a side of 500 nm and a circular dot with a diameter of 80 nm
by electron-beam lithography and Ar ion milling. These samples
are used for FMR measurement and MAS measurement, respectively.
The bottom layers are patterned into a Hall cross. Above the AFC
bilayer dot, a 100-nm-thick insulating layer and a 100-nm-thick
metal layer composed of Cu with thin adhesion layers are sputter-
deposited. The metal layer is patterned into a coplanar waveguide
(CPW) having a 1-μm-wide signal (S) line and two 2-μm-wide
ground (G) lines. On the CPW, a 100-nm-thick insulating layer and a
100-nm-thick metal layer composed of Au with thin adhesion layers
are sputter deposited. The second metal layer is also patterned into a
CPW with the same dimension. The upper CPW is rotated by 90°
with respect to the lower CPW in the x-y planes, so that they cross at
a right angle above the AFC bilayer dot. The alignment accuracy of
the AFC dot and the CPWs is within approximately 200 nm.
Two kinds of magnetic field are applied to the AFC bilayer
dot: a z-direction magnetic field from an external electromagnet
and an in-plane microwave magnetic field. The microwave field is
generated by introducing microwave signals to the CPWs using the
measurement setup shown in Fig. 2. The delay between the micro-
wave signals in the two CPWs is controlled by changing the micro-
wave waveforms from the arbitrary waveform generator (AWG)
and changing the delay of the phase shifter. When the delay is 90°,
a circularly polarized microwave field is generated, and the rotation
direction of the microwave field can be reversed by changing the
sign of the delay. The delay is adjusted as follows. The switching
field of the magnetic dot is measured by applying 10 GHz micro-
wave fields from both CPWs and by sweeping the delay. The
dependence of the switching field on the delay shows the
minimum, where the microwave field is closest to circular polariza-
tion. In the delay sweep, the delay is increased in steps of 3.125 ps,
which corresponds to 1=32 of one period at 10 GHz. In AHE-FMR
measurements, the microwave field is applied continuously, and in
MAS measurements the microwave field is pulse-modulated to
pulses with 10-ns plateau time with 5-ns rise and fall time and is
applied repeatedly at 122 kHz to avoid temperature rise.
We also fabricate a similar sample using a single-layer perpen-
dicular magnetic dot with a diameter of 80 nm for comparison.
The single-layer perpendicular magnetic dot is patterned from the
magnetic film having Ta 200/Pt 50/(Co 14.3/Pt 6) × 5/Pt 50/Ta 50
(from bottom to top, thicknesses given in angstroms). The effective
anisotropy field of this film is +0.9 kOe, as shown in Fig. 1(b).
Micromagnetic simulation based on the Landau-Lifshitz-Gilbert
equation is carried out using MuMax3 software.29 The simulation
parameters are shown in Table I. The parameters are derived from
the VNA-FMR and VSM measurements. The model is a 500-nm
circular dot for AHE-FMR simulation and an 80-nm circular dot for
MAS simulation. The shape of the model for AHE-FMR simulation
is different from the square dot used in the experiment. However, in
AHE-FMR simulations, we consider only the main FMR signals cor-
responding to a uniform mode, and thus, neglect the difference in
the shape. The models are divided into 2 × 2 × 5 nm3 cells.
III. RESULTS AND DISCUSSION
In this section, we first analyze the magnetic property of the
AFC bilayer by AHE-FMR measurement in combination with a cir-
cularly polarized microwave field. We then investigate the switching
behavior of the AFC bilayer nanodot by applying three kinds of
FIG. 2. Sample structure and experimental setup. Parts of the CPWs overlapping
the AFC bilayer dot are not shown.
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microwave field: a linearly polarized microwave field, a circularly
polarized microwave field, and a circularly polarized microwave field
with time-varying frequency. We also investigate the MAS behavior
of a single-layer perpendicular magnetic nanodot for comparison.
A. Anomalous-hall-effect-FMR measurement of an
AFC magnetic bilayer (500nm rectangular dot) in a
circularly polarized microwave field
Figure 3 shows AHE voltage vs Hz. The measured voltage is
the sum of the AHE voltage from HL and SL, which is propor-
tional to the z-direction component of the HL and SL magnetiza-
tions, respectively. In this experiment, AHE voltage is more
sensitive to the HL magnetization because of the composition of
the magnetic layer and the current flow. This result is similar to
the VSM data [Fig. 1(c)], and shows the same magnetic configura-
tion: with increasing Hz, the SL magnetization gradually changes
to the +z direction from approximately −2.5 kOe to −1 kOe and
forms a perpendicular antiferromagnetic configuration in the
remanent state. The switching field of the HL (Hsw) is +2.6 kOe,
which is higher than that in the VSM data because patterning the
film into the submicron dot reduces the nucleation sites. The pat-
terning also changes the demagnetizing field and increases the
effective anisotropy.
Figure 3 also shows AHE voltage vs Hz obtained by applying a
continuous counterclockwise (CCW) microwave field with a frequency
(frf ) of 6 GHz and an amplitude (Hrf ) of 213Oe. Small dips appear at
Hz = 0 kOe and +4 kOe. These dips indicate a decrease in the
z-direction magnetization and are due to the FMR excitation, as
explained below. When the CCW microwave field is applied to mag-
netization in the +z direction at the FMR frequency, the magnetization
starts to rotate around the +z direction, and consequently, the
z-direction component of the magnetization decreases. At around Hz
= 0 kOe, the HL and SL magnetizations are in the –z and +z direction,
respectively, and thus, the FMR signal originates from the SL excita-
tion. At around Hz = +4 kOe, both HL and SL magnetizations are in
the +z direction. Judging from the frequency, the FMR signal origi-
nates from the SL excitation. Note that HL or SL excitation means that
the HL or SL magnetization is mainly excited, while at the same time,
the other layer is also excited because of the coupling. HL reverses at
Hz =+1.8 kOe. This Hsw is smaller than that without microwave fields
because of the temperature rise caused by applying the microwave
signal. In addition, the microwave field has a small amount of clock-
wise (CW) component because the polarization not perfectly circular,
and the CW component is expected to affects Hsw through the HL
excitation. The details of a CW microwave field is discussed below.
When the rotation direction is reversed to CW, the magnetiza-
tion in the –z direction is excited, and a small peak due to FMR
excitation appears at Hz =−4 kOe. This FMR signal is symmetric to
the one at Hz = +4 kOe for the CCW microwave field and originates
from the SL excitation. At Hz = +0.8 kOe, an abrupt change due to
HL switching appears. This result indicates that MAS of HL occurs
as a result of the HL excitation. To be precise, the change of the
AHE voltage consists of multiple steps, showing that a part of the
HL magnetization first reverses and then the whole HL magnetiza-
tion reverses as the reversed domain expands.
Next, we investigate the FMR signals and MAS in more detail
by changing frf . Figure 4(a) shows AHE voltage vs Hz in the Hz
range from −6 kOe to −2 kOe for frf = 4, 6, 8, 10, 18, and 20 GHz.
In this Hz range, both HL and SL magnetizations are in the –z
direction except for near Hz =−2 kOe, where the SL magnetization
starts to reverse. The FMR signals are observed only for the CW
microwave fields because of the rotation direction matching. As frf
increases from 4 GHz, the SL FMR signal moves to the lower Hz
side because decreasing Hz increases the effective field acting on SL
with the magnetization in the −z direction and accordingly
increases the FMR frequency. Because Hrf is large, the magnetiza-
tion excitation is in the nonlinear regime. Therefore, the shape of
the FMR signal is asymmetric with a steeper slope at the higher Hz
side. Furthermore, weak signals due to higher-order FMR modes
are observed in the higher Hz side of the main signal. At frf = 18
GHz, another FMR signal appears, which originates from the HL












Soft layer (SL) 5 1000 0.05 6 106 −1
Hard layer (HL) 5 1000 0.05 8 106
FIG. 3. AHE voltage vs Hz obtained for the 500-nm AFC bilayer dot. The three
datasets are measured without microwave field and by applying CCW and CW
6 GHz microwave fields with Hrf of 213 Oe. Data are offset for clarity, and sche-
matics depict the magnetization configuration. The inset shows a minor loop of
SL switching without microwave field.
Journal of
Applied Physics ARTICLE scitation.org/journal/jap
J. Appl. Phys. 125, 153901 (2019); doi: 10.1063/1.5089799 125, 153901-4
Published under license by AIP Publishing.
excitation and is broader than the SL excitation. The different line-
width is consistent with the theory of FMR: the higher FMR fre-
quency indicates a higher effective field acting on the magnetic
layer and the FMR linewidth is proportional to the effective field
multiplied by the damping of the magnetic layer.30 Figure 4(b)
shows AHE voltage vs Hz in the Hz range from +2 kOe to +6 kOe,
in which both the HL and SL magnetizations are mostly in the +z
direction. The FMR signals are observed only for the CCW micro-
wave fields, and the result is almost symmetric to Fig. 4(a).
Figure 4(c) shows AHE voltage vs Hz in the Hz range from
−1 kOe to +2 kOe. As Hz increases from −1 kOe, the SL magneti-
zation changes to the +z direction and forms an antiferromagnetic
configuration. For the CCW microwave fields, the dip originating
from the SL excitation gradually moves to higher Hz as frf increases
from 4 GHz to 8 GHz. The linewidth of the FMR signals in the
antiferromagnetic configuration is broader than that in the ferro-
magnetic configuration [Fig. 4(b)] when compared at the same frf .
The broader linewidth for the same frf suggests that the effective
damping is larger in the antiferromagnetic configuration. At frf =
10 GHz, an abrupt change due to HL switching appears instead of
an FMR signal. This Hsw is on the trend of the frf Hz relation of
the SL FMR signals, indicating that the HL switching is induced by
the SL excitation. This HL switching is probably caused by the fol-
lowing two reasons. The HL magnetization is indirectly excited by
the SL excitation. The z-direction antiferromagnetic coupling field
acting on HL decreases because the z-direction component of the
SL magnetization decreases when the SL magnetization is excited.
At frf = 18 and 20 GHz, no FMR signal is observed because the fre-
quency is much higher than the SL FMR frequency.
For the CW microwave fields, microwave-assisted Hsw gradu-
ally decreases as frf increases from 4 GHz to 10 GHz. This result is
consistent with the fact that HL is in the −z direction and its reso-
nance Hz decreases as frf increases. At frf = 18 and 20 GHz, no
MAS is obtained because the frequency is much higher than the
HL FMR frequency.
Figure 4(d) summarizes the relation between frf and Hz
regarding the FMR signals and MAS observed in Figs. 4(a)–4(c).
The FMR signals and the microwave-assisted Hsw show an almost
linear relation. Note that the ranges of the FMR signals are shown
as a guide. The exact linewidth cannot be determined because the
FMR signals are in the nonlinear regime and asymmetric and have
higher-order signals in the vicinity. In the hatched regions, the SL
magnetization is in neither the +z nor −z direction, and when the
FMR signals overlap these regions, the linewidth of the FMR
signals cannot be determined.
We carry out zero-temperature micromagnetic simulation to
analyze the experimental data. Figure 5(a) shows the normalized
z-component magnetization (0:6mHLz þ 0:4mSLz ) vs Hz. The
ratio of HL and SL is set to reproduce the experimentally obtained
AHE voltage-Hz data. Without microwave fields, the simulation
result agrees with the experimental result except that Hsw is larger
than that in the experiment. This is because the switching of HL is
induced by thermal fluctuation in the experiment. In a CCW
microwave field, two FMR signals appear at Hz = +1.5 kOe and
+5.5 kOe with one in the antiferromagnetic configuration and the
other in the ferromagnetic configuration. In a CW microwave field,
MAS of the HL occurs at Hz = +1.8 kOe. These FMR signals and
MAS qualitatively agree with the experimental results.
Figure 5(b) shows the normalized z-component magnetization
of the HL and SL in the Hz range from +1 kOe to +5 kOe. In the
CCW microwave field, the SL excitation is induced. In this condi-
tion, the HL magnetization is also slightly excited. In the CW
microwave field, the whole HL magnetization reverses at Hz = 1.9
kOe owing to microwave assist, and accordingly the SL magnetiza-
tion tilts from the +z direction because of the antiferromagnetic
coupling. As Hz further increases, the SL magnetization again satu-
rates in the +z direction.
Figure 5(c) shows the normalized z-component magnetization
of HL and SL in the Hz range from +4 kOe to +8 kOe for 8 GHz
and 26 GHz CCW microwave fields. At frf = 8 GHz, SL is mainly
FIG. 4. (a)–(c) AHE voltage vs Hz obtained for the 500-nm AFC bilayer dot.
The twelve datasets are measured by applying CCW and CW microwave fields
with frf of 4, 6, 8, 10, 18, and 20 GHz and Hrf of 213 Oe. Dotted lines are a
guide for emphasizing the FMR signals. Data are offset for clarity. (d) FMR
signal linewidth and MAS condition plotted on the frequency vs Hz plane. The
hatched regions represent the Hz range where the SL magnetization is in
neither the +z nor −z direction. In this region, the linewidth of the FMR signals
cannot be determined.
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excited, and at frf = 26 GHz, HL is mainly excited. The linewidth
of the HL FMR is larger, which agrees with the experimental
results. However, when the two FMR signals for the CCW 8GHz in
Figs. 5(b) and 5(c) are compared, they show similar linewidth,
which does not agree with the experimental results in which the
linewidth is broader in the antiferromagnetic configuration. This
disagreement indicates that the effective damping of the bilayer
increases in the antiferromagnetic configuration because of an effect
that is not included in the micromagnetic simulation, such as local
thickness variation of the Ru layer31 and the spin pumping effect.32
B. Microwave-assisted magnetization switching of an
AFC magnetic bilayer dot (80 nm circular dot)
Figure 6 shows AHE voltage vs Hz. Because the sample diameter
of 80 nm is smaller than that used in the AHE-FMR measurement,
SL has intrinsically perpendicular magnetization. As Hz increases
from −5 kOe, SL reverses at Hz =−0.2 kOe and a perpendicular anti-
ferromagnetic configuration is realized in the remanent state, and
then HL reverses at +3.7 kOe. The AHE voltage has a larger ratio of
the HL magnetization than in the AHE-FMR measurements because
the current introduced from the bottom layers flows more preferen-
tially in HL because of the smaller sample size.
Now, we focus on the switching of HL from the antiferromag-
netic configuration and study MAS behavior by applying a micro-
wave field. Figure 7(a) shows Hsw vs frf when a linearly polarized
microwave field is generated by introducing a microwave signal to
only the lower CPW. As frf increases, Hsw decreases almost linearly,
becomes minimum at the critical frequency, and then increases
abruptly. As Hrf increases, the minimum Hsw decreases; namely,
larger microwave assist effect is obtained. This switching behavior
is similar to that reported for a single-layer perpendicular magnetic
dot. After the abrupt increase, Hsw is still smaller than the intrinsic
Hsw and then coincides with the intrinsic Hsw, as most obviously
seen for Hrf = 85 Oe. This Hsw reduction after the primary MAS
effect follows the trend depicted by the dashed line and can be
attributed to the excitation of the higher-order FMR mode, which
we show later by micromagnetic simulation.
Figure 7(b) shows Hsw vs frf , when a circularly polarized
microwave field is generated by introducing a microwave signal to
both CPWs. The rotation direction is mostly CW except for the
plot depicted by crosses where the rotation direction is CCW. The
results for Hrf = 43 Oe and 85 Oe coincide with those for Hrf = 85
Oe and 170 Oe in the linear polarization case. This coincidence is
explained by the facts that a linearly polarized microwave field is
the sum of CW and CCW circularly polarized microwave fields
with half the field amplitude and that only the CW component
induces MAS. As Hrf further increases, a larger MAS effect is
obtained, and the slope of the Hsw  frf curve changes at around
10 GHz. For Hrf = 213 Oe, a part of the HL magnetization first
reverses, then the whole HL magnetization reverses in the frf range
from 12 GHz to 14.5 GHz.9 These nucleation and saturation fields
are depicted by open circles and boxes in Fig. 7(b), respectively.
The nucleation field shows a linear decrease with respect to frf ,
showing that the nucleation is induced by the HL excitation. On
the other hand, the saturation field is the same regardless of frf ,
FIG. 5. (a) Computed normalized z-component magnetization (0:6 mHLz þ
0:4 mSLz ) vs Hz. The three datasets are obtained without microwave field and
in CCW and CW 8 GHz microwave fields with Hrf of 200 Oe. Schematics depict
the magnetization configuration. (b) and (c) Computed normalized z-component
magnetization of HL and SL (b) in CCW and CW 8 GHz microwave fields with
Hrf of 200 Oe and (c) in CCW 8 GHz and 26 GHz microwave fields with Hrf of
200 Oe. Data are offset for clarity.
FIG. 6. AHE voltage vs Hz obtained for the 80-nm AFC bilayer dot. Schematics
depict the magnetization configuration.
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showing that the saturation occurs as the reversed domain expands
owing to Hz. Figure 7(c) shows AHE voltage vs Hz for nucleation-
type switching. The AHE voltage shows multiple steps, and finally
the HL magnetization saturates in the +z direction at around
Hz = +1 kOe. This result does not mean that magnetization switch-
ing scheme changes when large MAS effect is induced. Considering
the size of the bilayer dot, magnetization switching is expected to
occur as a reversed domain nucleates and expands. Only when Hsw
decreases to +1 kOe by MAS, the reversed domain does not expand
immediately and becomes detectable.
When the rotation direction is reversed to CCW, no obvious
MAS effect is observed [crosses in Fig. 7(b)]. Note that the Hsw
reduction at around frf = 5 GHz shows a similar trend to that in the
CW microwave fields, and is due to the CW component originating
from the fact that the polarization of the microwave field is not per-
fectly circular. The MAS effect induced by the unintended CW
component is smaller than that for Hrf = 43 Oe in Fig. 7(a), which
is equivalent to Hrf = 22 Oe for circular polarization. This result
means that the amplitude of the CW component is less than 22 Oe
when the CCW microwave field with Hrf = 213 Oe is applied.
The AFC bilayer nanodot does not show obvious MAS effect in
the CCW microwave field, and this result differs from that in Sec. III A,
in which switching of HL occurs as a result of the SL excitation in the
CCW microwave field. This difference is explained as follows. The
reduction of Hsw indirectly induced by the SL excitation is smaller
than that by the direct excitation of HL. Thus, the SL excitation needs
to occur at Hz near the intrinsic Hsw. This condition is satisfied for
the 500-nm sample at frf = 10 GHz, as shown in Fig. 4(c). On the
other hand, for the 80-nm sample, frf to satisfy the condition increases
because the patterning to the smaller size increases both intrinsic Hsw
and SL FMR frequency. From micromagnetic simulation, we estimate
that frf needs to be 20GHz to excite the SL magnetization near the
intrinsic Hsw (data not shown). When the SL FMR frequency is prop-
erly designed, Hsw reduction by the SL excitation is expected to occur
for a nanodot sample. Although the microwave assist effect by the SL
excitation is small, this switching scheme can be beneficial as in the
following example. By employing MAS by SL excitation, the same HL
can be used for multiple recording layers in multilayer recording. By
changing the FMR frequency of SL of each recording layer, the SL
excitation is induced layer-selectively by tuning frf , and accordingly
layer-selective switching of HL is carried out.
Next, we apply a circularly polarized microwave field with
time-varying frequency. The microwave field frequency is varied
from a start frequency (f startrf ) to f
start
rf =2 over a 10-ns duration
according to the function frf (t) ¼ f startrf exp [(t=10)  ln (2)], where
t denotes time in units of nanoseconds. This function was employed
in Ref. 10, which reported that the rate of frequency change of this
function is slow enough for the magnetization excitation to follow.
Therefore, MAS behavior depends only on start and end frequen-
cies, and the same result is expected for a different function unless
the rate of frequency change is too fast. Figure 8 shows f startrf vs Hsw.
In comparison with the constant-frequency case [Fig. 7(b)], the
minimum Hsw achieved for Hrf = 43 Oe decreases from 2.4 kOe to
1.9 kOe, showing that the MAS effect is enhanced by applying the
varying-frequency microwave field. At f startrf ¼ 16GHz, Hsw increases
abruptly, which is explained as follows. To obtain MAS effect in a
varying-frequency microwave field, the end frequency needs to be
almost the same as the critical frequency for constant-frequency
MAS.10 At f startrf ¼ 16GHz, the end frequency is 8 GHz and larger
than 7.5 GHz at which Hsw increases abruptly in Fig. 7(b). Thus, the
primary MAS effect does not occur. Because the HL switching is
still assisted by the excitation of the higher-order mode, Hsw is
smaller than the intrinsic value. Enhancement of the MAS effect
decreases as Hrf increases, and for Hrf = 128 Oe, the minimum Hsw
becomes almost the same for the constant- and varying-frequency
microwave field. This kind of behavior in which MAS enhancement
decreases as Hrf increases has been reported for a single-layer per-
pendicular magnetic dot.10
The experimental results of MAS are analyzed by zero-temperature
micromagnetic simulation. Figure 9(a) shows the dependence of the
FIG. 7. (a) Hsw vs frf in the linearly polarized microwave field. The dashed line
is guide for showing the Hsw reduction by excitation of the higher-order mode.
(b) Hsw vs frf in the circularly polarized microwave field. The rotation direction of
the microwave field is mostly CW except for the plot depicted by the crosses.
The open circles and squares indicate the nucleation and saturation fields when
nucleation-type switching is observed. (c) AHE voltage vs Hz in the circularly
polarized microwave field for frf = 14 GHz and Hrf = 213 Oe. In this condition
nucleation-type switching is observed.
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normalized z-component magnetization (0:75mHLz þ 0:25mSLz )
on Hz. Similar to Fig. 5(a), the simulation result agrees with the
experimental result except for Hsw because the simulation does not
take account of thermal fluctuation. We focus on switching of HL
from the antiferromagnetic configuration and obtain the dependence
of Hsw on frf in a circularly polarized microwave field, as shown in
Fig. 9(b). As frf increases, Hsw gradually decreases and suddenly
increases at the critical frequency, which agrees with the experimen-
tal result. In addition, two features—small Hsw reduction after the
primary MAS effect depicted by the dashed line and change of the
slope of the Hsw  frf curve at frf = 7GHz—are reproduced. Figure 8(b)
also shows magnetization excitation of HL for Hrf = 300 Oe as a
color plot in the background. When frf is below 7GHz, magnetiza-
tion switching occurs at the lower edge of the FMR linewidth. After
the slope changes, the switching condition gradually enters the FMR
linewidth. This kind of slope reduction has also been reported in
MAS of a single-layer perpendicular magnetic dot, and it has been
reported that the slope changes when MAS involves spatially non-
uniform magnetization excitation.6 The color plot also indicates a
higher-order FMR mode. The Hsw reduction after the primary MAS
FIG. 8. Hsw vs f startrf in the circularly polarized microwave field with time-varying
frequency. The microwave field varies from f startrf to f
start
rf =2 over a 10-ns time
period.
FIG. 10. (a) and (b) Hsw vs frf obtained for the single-layer perpendicular
magnetic dot in the (a) linearly and (b) circularly polarized microwave field,
respectively. (c) Hsw vs f startrf in the circularly polarized microwave field with
time-varying frequency. When Hrf is 85 Oe and larger, nucleation-type switch-
ing is observed in the region depicted by the square. For clarity, only the
nucleation fields are shown.
FIG. 9. (a) Computed normalized z-component magnetization (0:75 mHLz þ
0:25 mSLz ) vs Hz. Schematics depict the magnetization configuration. (b) com-
puted Hsw vs frf in the circularly polarized microwave field. The dashed line is a
guide for showing the Hsw reduction by the higher-order excitation mode.
Magnetization excitation of HL for Hrf = 300 Oe is shown as a color plot in the
background.
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effect that appears in the experiment [Fig. 7(a)] can be explained by
the excitation of this mode.
C. Comparison with microwave-assisted
magnetization switching of a single-layer
perpendicular magnetic dot
We investigate the MAS behavior of a single-layer perpendic-
ular magnetic dot having the same size and almost the same Hsw
as the AFC bilayer dot. Figures 10(a) and 10(b) show Hsw vs frf
when a linearly polarized and circularly polarized microwave field
is applied, respectively. Typical MAS behavior is obtained, and the
result for the linearly polarized microwave fields coincides with that
for the circularly polarized microwave fields with half the amplitude.
Furthermore, nucleation-type switching is observed when Hrf
becomes 213 Oe and Hsw decreases close to 0.5 kOe. The field at
which nucleation-type switching is observed is smaller than in the
case of the AFC bilayer dot, where Hsw needs to decrease close to
1 kOe. This difference in the field is due to the antiferromagnetic
coupling field from SL. Figure 10(c) shows the dependence of Hsw
on f startrf . The MAS effect is enhanced, and the minimum Hsw
achieved for Hrf = 43 Oe decreases from 2.8 kOe to 1.4 kOe in com-
parison with the constant-frequency case. When Hrf is 85 Oe and
larger, Hsw decreases close to 0 Oe, and nucleation-type switching is
observed in the region shown by the box. The MAS behavior of the
AFC bilayer dot and the single-layer magnetic dot shows these fea-
tures in common, which demonstrates that MAS of the AFC bilayer
occurs in the same manner and the antiferromagnetically coupled
SL does not hinder the MAS effect.
IV. SUMMARY
In this paper, we fabricate an AFC bilayer consisting of two anti-
ferromagnetically coupled magnetic layers with perpendicular magne-
tization and study the FMR excitation and magnetization switching
behavior in a microwave field. AHE-FMR measurement in combina-
tion with a circularly polarized microwave field enables layer-selective
analysis of the FMR excitation of the two magnetic layers. The line-
width of the FMR signal is broader in the antiferromagnetic configu-
ration than in the ferromagnetic configuration, suggesting that the
effective damping of the magnetic layer is larger in the antiferromag-
netic configuration. The MAS behavior of the AFC bilayer dot exhib-
its the following features. Hsw decreases as the microwave field
frequency increases and abruptly increases at the critical frequency,
and a large Hsw reduction from approximately 4 kOe to 1 kOe is
demonstrated. Nucleation-type switching is observed when Hsw
decreases to less than 1 kOe by increasing Hrf . The enhancement of
MAS is obtained by applying a microwave field with time-varying fre-
quency. These features qualitatively coincide with those obtained for
the single-layer perpendicular magnetic dot, showing that the AFC
structure does not hinder the MAS effect.
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